The utility of continuous glucose monitoring devices remains limited by an obstinate foreign body response (FBR) that degrades the analytical performance of the in vivo sensor. A number of novel materials that resist or delay the FBR have been proposed as outer, tissue-contacting glucose sensor membranes as a strategy to improve sensor accuracy. Traditionally, researchers have examined the ability of a material to minimize the host response by assessing adsorbed cell morphology and tissue histology. However, these techniques do not adequately predict in vivo glucose sensor function, necessitating sensor performance evaluation in a relevant animal model prior to human testing. Herein, the effects of critical experimental parameters, including the animal model and data processing methods, on the reliability and usefulness of preclinical sensor performance data are considered.
Diabetes mellitus remains a costly and serious threat to patient health due in part to inadequate blood glucose (BG) regulation and persistent hyperglycemia. 1 Investigations by both the Diabetes Control and Complications Trial Group 2 and the United Kingdom Prospective Diabetes Study [3] [4] independently confirmed reductions in long-term health complications for type 1 and type 2 diabetes with increased frequency of BG measurement. While portable glucometers provide instantaneous snapshots of BG levels for home monitoring and diabetes management, frequent sampling using these meters is impractical and leads to inconsistent patient compliance and poor BG control. The implantable glucose biosensor that enables continuous monitoring represents the ultimate technology in diabetes management. Indeed, the use of continuous glucose monitors (CGMs) reduces both hypoglycemia and persistent hyperglycemia. [2] [3] [4] Unfortunately, the maximum useful lifetime of implanted glucose biosensors remains limited to 3-6 days due to poor analytical performance, both acutely and after several days as a result of the foreign body response (FBR) to such devices. [5] [6] Chemical or physical modifications to the tissue-contacting sensor surface have been investigated to delay or avoid key events in the FBR (eg, inflammatory response, foreign body capsule formation) and improve sensor performance. In addition to sufficient stability and the ability to resist the FBR, these external coatings must not diminish the analytical performance of the sensor. Benchtop sensor-material compatibility studies, [7] [8] [9] FBR models, [10] [11] and in vivo histological and immunohistochemical analysis [12] [13] are all used to evaluate the potential benefits of new sensor materials to device performance ( Figure 1 ). Despite the utility of these tests for examining biocompatibility, a distinct correlation between in vitro or histological observations and actual sensor function is lacking in biomaterials literature. The aim of this commentary article is to discuss important experimental considerations in the preclinical evaluation of the analytical performance of continuous glucose biosensors. We focus specifically on the percutaneous electrochemical glucose biosensor system and discuss methods for assessing key analytical merits including sensitivity, accuracy, and lag time. Furthermore, we highlight usefulness of collected data as a function of animal model, BG dynamics, and data processing.
Animal Model Selection
Selection of an appropriate animal model is crucial for obtaining relevant and accurate sensor performance data. The size of the animal, cost, disease state (ie, healthy vs diabetic), and physiological relevance to humans are each important parameters. Murine 14 and rodent 15, 16 models have often been used for in vivo sensor performance evaluation due to low cost and handling ease. Furthermore, the availability of genetic murine variants provides increased versatility over other, larger animal species (eg, dogs, swine). For example, Klueh et al used a transgenic mouse diphtheria toxin receptor knock-in model to examine the impact of short-term macrophage depletion on the numerical accuracy of percutaneous glucose biosensors. 17 Importantly, long-term studies using mice and rats are not feasible due to their limited blood volume and incompatibility for serial glucose measurement. As a cost-effective alternative to mice and rats, rabbits have also been employed due to their increased size (2-6 kg) and available blood volume, which permits the evaluation of multiple sensors for short periods (1-2 days). 18, 19 Still, the ability to accommodate multiple implanted sensors in a single animal represents a significant advantage in situations where the performance of one sensor type is compared to that of another, as heterogeneity between individual animals is eliminated.
Of note, a concern for the smaller animal models relates to physical tethering of the sensor electronics and potentiostat. Indeed, most animals physically remove the sensors, thus limiting the practical implant duration to less than 2 days. Design improvements to both the geometry of the exposed sensor components and electrical connection with potentiostat leads should be considered to reduce shear and pulling forces imposed on the sensor. These engineering controls should include minimizing the length of connecting wires and providing protective casing for electronic hardware. Securing external sensor components using sutures or adhesives must be considered to minimize physical motion, but should be distant from the subcutaneous portion of the sensor to avoid interfering with the local wound healing process. With these modifications in place, longer studies would likely be feasible, although low blood volume would remain a limiting experimental parameter for the rodent and murine models.
While useful for sensor performance evaluation over short periods, the physiological relevance of the smaller animal models (eg, mice, rats, rabbits) to human tissue is questionable. 20 Indeed, significant differences in subcutaneous tissue physiology exist between humans and mice/rats. Wisniewski et al quantified the concentrations of glucose, lactate, pyruvate, glycerol, and urea in both human and rat tissue for 8 days using microdialysis and found that absolute analyte concentrations and temporal variations were markedly different between species. 21 In humans, microdialysis glucose recovery increased and eventually stabilized after 4 days, while the glucose recovery for probes implanted in rats steadily Figure 1 . Noninclusive flow diagram for initial testing of biocompatible glucose sensor coatings. In vitro biocompatibility assays may be carried out to test for material toxicity, surface biofouling, and cell phenotype. 7 Results from such assays generally help identify promising candidate materials for further study. Benchtop sensor evaluation should assess the stability of the final device and analytical performance in both physiological buffer and complex media (eg, serum, whole blood). In vivo analysis should only be pursued after in vitro studies and should examine several tissue characteristics (histology, tissue glucose transport, etc). Sensor evaluation in a relevant animal model represents the ultimate step in this process and may be used to examine any potential benefits to CGM performance identified in prior studies.
decreased for the entire 8-day implantation period. This data indicates a dramatic difference in tissue glucose transport dynamics that the authors attributed in part to the greater proportion of adipose tissue present in human subcutaneous space; more adipose tissue would inherently lead to a less severe FBR. Larger animal models that more accurately represent human tissue physiology should thus be used to obtain translatable sensor performance data. Whereas the rat subcutis is more collagenous, 21 swine in particular possess a tendency to develop significant amounts of adipose tissue. 22 The cutaneous blood supply, dermal thickness, and timeline of wound healing biochemical events in pigs are also more comparable to humans, suggesting excellent utility as a model for preclinical sensor testing. 22 While significantly more expensive than the small animal models, the larger animal size of pigs permits evaluation of individual sensors over extended implant periods (weeks) with the added benefit of increased throughput (ie, multiple test devices per animal), making these models ideally suited for sensor investigations.
The disease state of the selected animal is an equally important consideration for in vivo sensor performance evaluation. Indeed, the choice of a diabetic over healthy animal is motivated by the clear deficiencies of diabetic wound healing, which include altered wound repair [23] [24] [25] and disrupted blood flow. 26 Several mouse and rat models exist for both type 1 and type 2 diabetes, produced either by selective inbreeding or gene targeting techniques. 27 Diabetes can also be induced through administration of several small doses of alloxan or streptozotocin in rats, rabbits, and pigs. [28] [29] [30] Delayed and impaired wound healing has been reported for chemically induced diabetic animal models, which is a primary intention in recreating the implant environment in diabetic humans. 30 Diabetic swine are particularly useful for mimicking both the cardiovascular complications and insulin resistance associated with diabetes. 28 Despite the greater care required to maintain diabetic animals, such models more accurately recapitulate the challenges (eg, deficient FBR and wound healing) that implantable glucose biosensors encounter, thereby increasing the usefulness of data collected in functional sensor evaluations.
Experimental Considerations and Data Collection
To accurately assess glucose biosensor performance, particularly in healthy animals, BG levels must be artificially altered to achieve glucose concentrations outside of the euglycemic range. Simply feeding the animal is often not reproducible enough to accomplish this goal. Direct administration of glucose via intraperitoneal (IP) injections 16 or through an intravascular (IV) catheter [18] [19] 31 results in BG changes of appreciable magnitude. Glucose delivery via an IV catheter, either as a bolus 18, 31 (0.7 g kg -1 in swine) or constant-rate infusion 19 (20 mg kg -1 min -1 in rabbits) is the most reliable method for achieving hyperglycemia, enabling the determination of sensor lag time and accuracy over a range of clinically relevant BG concentrations. However, IV administration can be physiologically demanding, with greater than normal excursion rates (0-2 mg dL -1 min -1 ) and the risk of inflated sensor error ( Figure 2 ). 32 Intraperitoneal glucose injections are routinely used to manipulate BG levels in smaller animals 16, 33, 34 to circumvent difficulties in intravenous administration. While larger glucose doses must administered (≥1.5 g kg -1 ) to achieve hyperglycemia, the slower rate of glucose absorption may better approximate normal, gradual BG fluctuations in diabetic patients, thereby increasing the relevance of sensor accuracy data at the cost of reproducibility. 35 As an additional experimental parameter for consideration, the required frequency of glucose dosing is dependent on the animal model and route of administration (ie, IP or IV). This parameter should be experimentally determined by the investigator so that adequate amounts of data are obtained in both the euglycemic and hyperglycemic regime for proper sensor evaluation. Excursions into the hypoglycemic BG range via insulin administration would also provide valuable sensor performance data. However, the administration of insulin to test animals to achieve such a goal presents animal welfare concerns and thus is generally outside the scope of preclinical sensor testing. 36 
Numerical Analysis, Calibration, and Data Interpretation
The influences of physical (eg, animal motion) and electrical interferences require that sensor signals be filtered prior to analysis. In addition to analog filters that are constituents of the potentiostat hardware, digital filtering of sensor data is required to achieve a stable glucose response. Algorithms for use in CGM for minimally invasive sensors have been Reference glucose measurements and corresponding implanted CGM trace after IV glucose administration in a swine model. While the direct measurement of glucose using a handheld glucometer indicated an increase in BG, the sensor was unable to accurately track rapid fluctuations in BG. The BG maximum detected by the continuous sensor was thus both delayed in time and attenuated in magnitude. These shortcomings on the part of the sensor are further worsened by foreign body reactions. 38 reviewed by Bequette. 37 The use of predictive over retrospective data processing techniques, including median, Kalman, and finite impulse response filters, should be considered to ensure compatibility with real-time glucose sensing. In addition to filtering, a lag-time correction is often applied to the collected data to compensate for the intrinsic delay of the sensor signal relative to changes in BG. This lag incorporates both a physiological component, the result of blood-interstitial fluid glucose dynamics and foreign body reactions that reduce the local glucose supply, [38] [39] [40] and a sensor component that originates from sensor external coatings impeding glucose diffusion to the sensing element. Lag-time characterization is most easily accomplished by the method of Poincaré ( Figure 3A) , which shifts the reference-and sensor-derived signals in time relative to one another. 41 The signal overlap for each time delay value is using a statistical agreement criterion (AC). Frequency-based approaches for determining sensor lag time (ie, Fourier transform analysis; Figure 3B ) also represent viable options, and may be less sensitive than time-shifting methods to inconsistencies in data processing (eg, noise filtering, sensor calibration). 31 Prior to any determination of sensor accuracy, the raw sensor signal (ie, current) must be converted to a glucose concentration response. Careful calibration of the sensor response is critical. Sensors calibrated using a 1-point calibration (equation 1), in which the background current (I 0 ) is assumed to be negligible and the measured BG value is directly related to the measured current (I) and the sensor sensitivity (S), were demonstrated by Choleau et al to exhibit improved clinical accuracy over sensors calibrated using a 2-point calibration (equation 2). 42, 43 The inferiority of the 2-point calibration was attributed to greater error in the separate measurement of both the sensitivity and background current. However, in many cases a substantial background current (eg, due to endogenous electrochemical interferences) may require the use of a 2-point calibration. 7, 31 Regardless of the method, timing of the calibration is crucial and should be performed under conditions in which BG levels are approximately constant to limit error introduced by the sensor-blood lag. For the 2-point calibration, a substantial concentration difference (≥15 mg dL -1 ) between the two BG points is also required. In addition, the frequency of calibration must be carefully considered and kept constant across all data sets so that imprecision due to sensor drift is accounted for. Indeed, consistency in calibration conditions will improve the reliability of both sensor sensitivity and accuracy determinations.
After converting the raw sensor signal to a usable glucose response, sensor accuracy is gauged using an appropriate metric. The most often reported statistic involves determining the mean average relative deviation (MARD). 44 The MARD is typically presented as an aggregated statistic or stratified into separate, clinically relevant BG regimes (eg, hypoglycemic, hyperglycemic). The latter is the basis for the International Organization for Standardization (ISO) criteria for glucose sensor accuracy, an entity that separately assesses the percentage of BG determinations (1) within 15 mg dL -1 Figure 3 . Digital analysis of CGM data presented in Figure 2 . Prior to lag-time determination, the sensor and reference data sets were processed using a logarithmic transformation to yield approximately normal distributions. 41 of the measurement derived from the reference method when BG is less than or equal to 75 mg dL -1 and (2) within 20% of the reference when BG is greater than 75 mg dL -1 . In vivo biosensor performance evaluations should consider both descriptors of accuracy given the ease in which these calculations can be made. Other techniques for determining the clinical utility of CGMs have been suggested, including the use of the Clarke 45 and consensus 46 error grids, which assign pairs of sensor and reference-derived glucose measurements to zones (Figure 4) representing various clinical outcomes. More recently, a new accuracy determination method was reported by Kovatchev et al, 47 which is based on BG rate of change and focuses on the predictive utility of CGMs for early hypoglycemia/hyperglycemia detection.
In practice, the MARD, ISO criteria, and the original Clarke error grid analysis (C-EGA) are often simultaneously used to judge in vivo sensor performance, with the results of each analysis dependent on experimental parameters (eg, animal model, calibration). However, a limitation of clinical metrics (eg, C-EGA) is that accuracy data cannot be compared between animal models, or even between similar animals of different age, as the error grids impose unique accuracy requirements dependent on the magnitude of the BG measurement. To further exacerbate this issue of precision, the assumption of reference glucometer accuracy is often invalid as handheld glucometers usually serve the role as the reference method over benchtop glucose analyzers. While widely available and easy to use, the inherent error associated with BG measurement for most handheld glucometers (MARD 5-10%) 48 approaches that of several commercially available CGMs (12-19%) . 49 This drawback has significant implications for the utility of nonstatistical clinical accuracy metrics (eg, C-EGA), as imprecision of the reference method will propagate into the EGA and suggest inadequate CGM performance, especially in the region of 50-100 mg dL -1 BG where accuracy requirements are most demanding. Statistical measures of CGM accuracy (ie, mean and median absolute and relative deviation) are thus more suitable for the initial evaluation of in vivo glucose sensor performance, as these descriptors are less sensitive to error in the reference method. Clinical accuracy analysis may be pursued in follow-up studies using more reliable reference methods (eg, benchtop analyzers).
Conclusions
Relevant and translational animal models of diabetes should be used to assess the utility of new biomaterials on in vivo CGM performance. Data obtained from such experiments must be meticulously analyzed with respect to the animal model, BG levels and excursion rates, filtering and lag-time correction techniques, and calibration methods. Careful attention to these parameters is critical for ensuring both data reliability and appropriate rigor in evaluating any perceived benefits from other testing methods (eg, cytotoxicity, surface biofouling assays, histology).
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